Animals learn some things more easily than others. To explain this so-called prepared learning, investigators commonly appeal to the evolutionary history of stimulus-consequence relationships experienced by a population or species. We offer a simple model that formalizes this long-standing hypothesis. The key variable in our model is the statistical reliability of the association between stimulus, action, and consequence. We use experimental evolution to test this hypothesis in populations of Drosophila. We systematically manipulated the reliability of two types of experience (the pairing of the aversive chemical quinine with color or with odor). Following 40 generations of evolution, data from learning assays support our basic prediction: Changes in learning abilities track the reliability of associations during a population's selective history. In populations where, for example, quinine-color pairings were unreliable but quinine-odor pairings were reliable, we find increased sensitivity to learning the quinine-odor experience and reduced sensitivity to learning quinine-color. To the best of our knowledge this is the first experimental demonstration of the evolution of prepared learning.
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F or animals to learn, they must form associations among various stimuli. However, in a world full of potential stimuli, why does a special relationship form between a given stimulus and consequence in a way that actually allows the animal to predict future events? Animals seem to solve this problem by being born better able to learn some things than others. The most notable example of this special learning is the Garcia effect, published in one of the most influential papers in the history of animal learning (1) . This paper showed that rats are prepared to learn some associations (e.g., taste and gastric illness) and less well prepared to learn others (e.g., light-sound combinations and gastric illness). In its day, this evidence was seen as both important and controversial, because it challenged the prevailing claims about the generality of the learning process [specifically the idea of equipotentiality (e.g., [2] [3] [4] [5] [6] ]. We now have many examples of preparedness in learning (e.g., [5] [6] [7] [8] , although the terms used to describe this phenomenon have varied widely. Investigators have called this "belongingness" (9), species-specific defense reactions (10), biological constraints (e.g., 5, 11), adaptive specializations (8) , and "preparedness" (4, 12) . In response, learning theorists have advocated more general theories of learning that acknowledge an element of biological preparedness in nearly all learning (13) (14) (15) (16) (17) .
Investigators seem to agree that the explanation of preparedness must flow from evolution. Evolution by natural selection, the argument goes, has prepared animals to learn from some associations better than others because these associations had predictive power in the animal's evolutionary past. However, within this agreed framework, explanations of specific examples of prepared learning tend to be post hoc and glib, in that we identify the "predictive power" of specific associations only after investigators have identified an example of prepared learning. Taste obviously predicts the onset of gastric illness more reliably than flashing lights, after we have Garcia's result in hand. In response to this unsatisfying situation, several authors have argued that the study of preparedness needs a clear-cut predictive theory (3, 18, 19) . Without such a predictive theory to guide them, investigators seem to have lost interest in further empirical studies of preparedness (see refs. 20-23 for possible exceptions to this pattern).
Even with an agreed conceptual framework in hand, studies of the evolution of preparedness face a significant empirical hurdle. The problem is that any model of the evolution of preparedness will flow from properties of the environment that the animal's ancestors experienced during the course of evolution. How can we know empirically whether tastes have reliably predicted gastric illness since the Paleozoic? A meaningful test of claims like this would seem to require a time machine.
This paper addresses these two problems directly. First, it offers a simple model that formalizes existing ideas about the evolution of prepared learning in terms of measureable and experimentally accessible variables. Second, and most important, it uses the techniques of experimental evolution to create a selective environment in which stimuli, actions, and consequences have specific and controlled statistical relationships as our model of preparedness requires.
Experimental Preparation and Model
This section outlines the experimental selection regime and then offers a simple model that predicts the effects of selection on prepared learning in this situation. Our preparation creates an environment in which female Drosophila must choose between two places to lay their eggs which we call A and B (media types). This choice has fitness consequences because half the time the investigator only rears eggs from A, and the investigator only rears eggs from B half the time. Before the flies must make this choice, the procedure provides them with an experience that can signal the correct action. The investigator engineers this by exposing the flies to A and B in a preexposure or experience phase. In this experience phase, the investigator pairs one of the media types with the aversive chemical quinine (Q). In this experience phase the flies can experience Q paired with A and B alone or A
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alone and Q paired with B. If the pairing with quinine reliably indicates the fitness consequences of egg-laying in the second stage, then selection should favor aversion learning, such that flies avoid in stage two the medium type that was paired with quinine in stage one (see refs. 24, 25, and 26 for examples of this preparation).
In this case, however, we want to generate selection that will favor learning from some associations but not others. To achieve this, we imagine that our two media types (labeled A and B above) vary in two distinct dimensions, so that, for example, the two media types differ in both an odor and a color. In this case, we can imagine that in some situations the pairing of quinine with color might be the best predictor of which type to avoid, whereas in others the pairing of quinine with odor might be most effective. We can represent this algebraically by introducing two conditional probabilities. Let C be the reliability of the colorquinine association, which we define as the probability that the investigator will rear eggs from the substrate with the color that was not paired with quinine in the experience phase, and similarly, let O be the reliability of the odor-quinine association.
Now consider the fitness consequences of two alternative learning strategies: (i) learning in response to the color-quinine association ("color learning" for short) or (ii) learning in response to the odor-quinine association ("odor learning"). Recall that by color learning, we mean avoiding in stage two the color that was paired with quinine in stage one, whereas odor learning would imply avoiding the odor that was previously paired with quinine. It is a relatively simple, if tedious matter, to calculate the geometric mean fitness of these two learning tactics, but the results of these calculations are simple and intuitive (details and tables in SI Appendix). If the reliability of odor exceeds the reliability of color (O > C), then learning to odor will produce the higher fitness. Fig. 1 shows this result diagrammatically. To be specific, then we would predict the learning to color but not odor when the reliability of color is high (C = 1.0) and the reliability of odor is low (O = 0.5).
In the experiment presented here, we create four distinct selective environments as suggested by Fig. 1 . These environments are the obvious factorial combination of high and low color reliability combined with high and low odor reliability. We predict that selection will favor sensitivity to learning experienced associations that reliably predict fitness consequences and not to those that are unreliable. We tested the predictions of the extreme values on the figure, points A through D, by assigning 10 populations of flies to each type of world and allowing them to evolve for 40 generations.
Results
Dependent Measures. We counted the number of eggs laid on each substrate type in the second or consequence phase in each generation of selection. Using these data we could calculate the extent to which the flies avoided the color or odor that had been paired with quinine in the first or "experience" phase. The results of these calculations are two dependent measures that we call P(Learn: Color) and P(Learn: Odor). We define P(Learn: Color) to be the proportion of eggs laid on the substrate with the color that was not paired with quinine in the experience phase. Similarly we define P(Learn: Odor) to be the proportion of eggs laid on the substrate with the odor that was not paired with quinine in the experience phase.
We have two sources of data. First, we collected data about the proportional choice of substrates during the selections. These data provide information about the changes that occurred between the starting and ending selections and reflect the variation inherent in differing combinations of stimuli and quinine pairings (see SI Appendix for details). Second, we conducted assays at the end of the experiment, following 40 generations of selections, in which we paired quinine with color and odor separately, allowing each line to be tested under identical conditions. We consider these two types of data in turn.
Selection Data. Figs. 2 and 3 show how the effect of the experience of quinine pairing changed from generation 1 to generation 40. Fig. 2 shows changes in the effect of a quinine-odor pairing [dependent measure P(Learn: Odor)]. The figure suggests the sensitivity to learning a quinine-odor pairing depends strongly on the reliability of the odor. In the first panel we see that P(Learn: Odor) declines when the quinine-odor pairing is unreliable, and in the second panel we see that P(Learn: Odor) increases when the quinine-odor pairing is reliable. A repeated measures analysis of variance confirms this interpretation by showing a significant interaction between time and quinine-odor reliability (F 1,36 = 4.421, P = 0.042), as well as a statistically significant main effect of odor reliability (F 1,36 = 4.153, P = 0.048). Similarly, Fig. 3 shows change in the effect of the quinine-color pairing [i.e., dependent measure P(Learn: Color)]. Again, we see that the reliabilityhere the reliability of the quinine-color pairing-is the key variable. P(Learn: Color) declines from the first to the last generation of selection when the quinine-color pairing is unreliable and increases when the quinine-color pairing is reliable. Again, a repeated measures ANOVA confirms this by showing a significant interaction between time (between the first and last generations) and the reliability of the quinine-color pairing (F 1,36 = 4.378, P = 0.043) and color reliability alone (F 1,36 = 7.177, P = 0.011). More details of these analyses can be found in SI Appendix.
Final Assays. The end-of-selection assays give a very similar picture of the results (Figs. 4 and 5 ). Fig. 4 shows flies' learning to quinine-color pairing in terms of our experiment's two treatment variables (color reliability and odor reliability). We observed higher levels of P(Learn: Color) in those treatments where color was reliable (F 1,36 = 4.189, P = 0.048). The effect of olfactory cue reliability was not significant, and did not differ across visual cue reliability levels. The figure suggests an interaction between color and odor reliability, because it looks as if the effect of color reliability is greatly reduced when odor is also reliable, but this interaction is not quite significant (F 1,36 = 3.435, P = 0.072). This Fig. 1 . Predictions from the model. Whenever the reliability of odor cues is greater than the reliability of color cues (O > C), then learning about odor is favored. Reliability is the probability that the quinine pairing with a cue predicts fitness consequences (specifically, where not to lay eggs). We tested the points at the four corners of the graph. Two of these points fall on the line between color learning favored and odor learning favored, and thus either or both could be favored. Intuitively, we predict that when both modalities of stimuli predict equally well, learning about both should be favored, whereas learning about neither should be favored when neither modality of stimuli predict the best environment.
is an interesting result because it reasonably suggests that sensitivity to learning about color-quinine pairing is not selected for when odor-quinine pairs are reliable. A more powerful experimental design might reveal this effect. Fig. 5 shows the flies' sensitivity to learning quinine-odor pairing measured in our final assays. The result here is straightforward and clear. P(Learn: Odor) increases with the reliability of the quinine-odor pairing (F 1,36 = 7.88, P = 0.008). The differences between the odor and color results probably occur because of preexisting sensitivities to learning about these two sensory modes. Wild-type flies learn odor associations more readily than color, and so it is reasonable to expect that odor learning could reduce selection on color learning, but not vice versa. More details of these analyses can be found in SI Appendix.
Discussion
Significance of Results. To explain Garcia and Koelling's famous result, we-like others-hypothesize that during the course of evolution taste-food associations have reliably predicted food quality, whereas light-food associations have not. Although this seems perfectly reasonable, it is hard to see it as anything but a just-so story, because we have no measurements of taste-food quality associations across evolutionary time. Consider in contrast the difference between our two most extreme treatments (Fig. 6) . In one treatment, we created a situation in which colorquinine associations were reliable across 40 generations of selection (C = 1.0), but odor-quinine associations were unreliable (O = 0.5), and this should select for learning in response to color but not odor, as we in fact observe. A second treatment tested the opposite extreme in which odor-quinine associations were reliable across 40 generations (O = 1.0), and color-quinine associations were unreliable; again we observe enhanced learning to odor and a reduction in learning to color.
Reliability Effect. Our data support the hypothesis that prepared learning evolves in response to reliable associations experienced by a lineage during the course of evolution. Our data show this in two ways. First, when we consider how our flies' sensitivity to experience changed over many generations, we see that reliability is the key variable, so that, for example, sensitivity to color-quinine pairings decreased when color was an unreliable indicator of fitness consequences, but increased when color was reliable (Figs. 2 and 3) . Second, we see a similar pattern in our final assays that compare our four experimental treatments. Again we see that the reliability of quinine-stimulus associations is the key predictor of evolved differences in learning (Figs. 4 and 5) . When color and odor are both reliable, an animal could, in theory, use either type of learning or some combination to achieve the same effect. Our model predicts that when reliabilities are equal, neither modality is better to attend to. Our data suggest that a preexisting bias in favor of odor learning may reduce selection for color learning in this situation (Fig. 4) , perhaps creating a type of selective "blocking" that is analogous to the phenomena of blocking in Pavlovian conditioning. Further studies of these types of interactions between learning abilities could prove illuminating.
In previous work (26), we showed that the reliability of learned information interacts with the certainty of a best action (another component of environmental change) to influence the evolution of enhanced learning versus an unlearned preference. This paper confirms the importance of reliability in the adaptive value of learning, but specifically in the prepared learning about two forms of information. Here we showed that the differing reliabilities of alternate sources of information influence which source of information flies are most prepared to learn about.
Results in Context.
It is important to recognize the difference between artificial selection and experimental evolution. In artificial selection the investigator imposes selection directly on a trait such as bristle number or learning ability. In experimental evolution, as used here, we are instead testing hypotheses about how the properties of the environment generate selection. This paper has, for example, tested the hypothesis that patterns of reliability create selection for prepared learning. Experimental evolution offers us an important tool to address questions about the evolution of behavior that would otherwise be simple speculations (27) .
The hypothesis that prepared learning reflects the properties of statistical relationships (among stimuli, responses, and outcomes) is widely accepted, even though the terminology used to describe these relationships varies greatly. Studies of prepared learning with both humans and nonhumans have frequently invoked evolution to explain their results (e.g., 23, 28, 29). We do not claim, therefore, that our model is conceptually novel. It simply reframes this long-standing idea in terms of the practical experimental situation in which we can manipulate the conceptually important statistical relationships, notably the reliability of stimulus-quinine associations.
This novel study tested specific predictions about the role of the stimulus reliability across evolutionary time in the formation of relationships between particular stimuli and actions. Our central hypothesis for the evolution of prepared learning is that some stimuli pairings have remained reliable throughout the lineage of a given organism, and natural selection has, therefore, favored learning of these types of associations. Our results throughout 40 Fig. 4 . Here we show the results of learning scores from end of experiment assays testing learning about color stimuli alone (without the presence of odor stimuli). This figure presents the data in the factorial form of the experiment's design. P(Learn: Color) for each line is the mean of the two learning scores when tested separately with Q+aqua and with Q+blue. In each case, we calculate the proportion of eggs laid on the substrate that had not been paired with quinine previously. Learning about visual cues was enhanced when visual cues were a reliable predictor of the best environment across evolutionary time. The interaction between visual cue and olfactory cue reliability nears significance. The interaction suggests that learning about visual cues is best with visual cues are reliable, but olfactory cues are not. Fig. 5 . Scores from end of experiment assays testing learning about odor stimuli alone (without the presence of color stimuli). Learning to olfactory cues alone is enhanced in both treatments for which olfactory cues are reliable. P(Learn: Odor) is the mean of the learning scores for each line for tests of Q+amyl acetate and Q+benzaldehyde. The effect of olfactory cue reliability is statistically significant (F 1,36 = 7.8829; P = 0.008); neither the effect of visual cue reliability nor the interaction between visual and olfactory cue reliability are statistically significant.
generations of experimental evolution with fruit flies support this hypothesis. This work provides an important step forward in understanding both prepared learning and how inherited tendencies interact with information gained through experience.
Methods and Materials
Flies and Husbandry. Our starting population was a mix of wild-caught, laboratory-adapted flies from four different locations in Minnesota and Wisconsin. We combined 400 male and 400 female adults from each population and maintained them in overlapping generations in a large population cage for 14 mo before the start of the experiment. We housed all flies at 24°C and tested them at 14 d old (postegg). We reared all eggs in a common environment at a density of 80 eggs per vial and six vials per line per generation. For each generation, we moved flies to population test cages (33 cm L × 21 cm W × 12 cm H) upon eclosure as adults, setting up populations of 240 females and a comparable number of males per line. Each cage featured a removable tray on which we placed two fresh Petri dishes of standard cornmeal and molasses-based food, and after 3 d, we tested each cage of flies.
Aversion Learning and Selection on Populations. We tested each generation of flies once, testing as groups in the population cages. As described in our model, each test consists of two phases: an experience phase and a consequence phase. In the first phase, the experience phase, we exposed flies to two Petri dishes of agar-based media in a single 3-h session (10 mL of agar placed into the bottom of each 100 × 15 mm Petri dish). We introduced color into the substrate by placing painted disks underneath the Petri dishes, using cobalt blue and aqua blue color (details of these colors in SI Appendix). We introduced odor by mixing amyl acetate and benzaldehyde into the agar (we first diluted each into a mixture of 35% odorant, 65% ethyl alcohol) and added each to agar (20 g sucrose, 10 g agar, 1 L water; 1 mL for amyl acetate and 0.1 mL for benzaldehyde). Before the experiment, we conducted pilot studies to demonstrate learning to the colors and to the odors chosen and tested that neither mode of stimuli completely overshadowed the other during learning trials. Finally, we added quinine at 4 g/1 L agar. To start the experience phase, we positioned the Petri dishes on a sliding tray at the bottom of each cage; we could replace these dishes without moving the flies. In the second phase, a consequence phase, we presented new plates of agar without quinine for 5 h. The pairing of color and odor could be different, depending on the assigned reliability of each (Fig. 1) . We randomized the locations of the plates, with visual stimuli always remaining in the same location in both experience and consequence phases and the corresponding odors changing location (depending, again, on the assignment of reliability for each modality). We separated the experience and consequence phases with a 30-min period of no stimuli.
We imposed different selective regimes by rearing eggs from one substrate type (e.g., the one not paired with quinine in the experience phase) and discarding eggs from the other (e.g., the one paired with quinine in the experience phase). We removed eggs selected for propagation from the substrate using a needle and placed them in vials on standard cornmeal-based fly food for incubation, thus providing a common rearing environment for all flies.
Treatments and Lines. We set up 40 lines of 240 females each and approximately the same number of males from the source population and then randomly assigned 10 lines to each of the four experimental treatments. The treatments were (i) both color and odor reliable (C = 1.0, O = 1.0), (ii) color but not odor reliable (C = 1.0, O = 0.5), (iii) odor but not color reliable (C = 0.5, O = 1.0), and (iv) neither color nor odor reliable (C = 0.5, O = 0.5). At the start of the experiment, we randomized the reliability of the quinine cue for each stimulus modality for each generation within blocks of two generations each and did this separately for each line, according to its assigned treatment. SI Appendix gives details on these assignments.
Data Collection and Final Assays. Following 40 generations of selections, we then performed a series of assays. We tested each line for learning about each stimulus modality alone. To test learning for color alone, a subset of each line was tested for learning the Q+aqua pairing, and a second subset was tested for the Q+blue pairing. To test learning for odor alone, we tested subsets with Q+benzaldehyde and with Q+amyl acetate. These tests are analogous to the selection procedure and to classic aversion discrimination learning. For example, flies are given experience with Q+aqua and plain blue and then tested with plain aqua and plain blue; we calculate the eggs laid during the test on the substrate consistent with learning (in this case, laying eggs on blue is consistent with learning). We tested each case (e.g., Q+aqua and Q+ blue) to control for the effect of potential evolved preferences and then averaged these two scores for each line. In rearing the flies for these tests, we collected all eggs from plates containing standard cornmeal agar food and then reared these eggs under identical conditions (the same as used during the selections). The Petri dishes of agar from the selections as well as the end of experiment assays were scanned with a photo scanner at 600 dots per inch, allowing counting of eggs at later dates and the ability to confirm that counts were consistent between workers. Each Petri dish contained a serial number etched into the bottom, allowing for identification of each plate throughout the testing, scanning, and counting process. All counting was blinded, with counts reassigned to lines and tests using a database query. 
